A new polyphosphazene which bears o-acetylphenoxide group [NP(o-C 6 H 4 -COCH 3 )] n , PAOP was synthesized. PAOP can be efficiently thermally crosslinked at mild condition using p-phthalaldehyde as cross-linker and sodium hydroxide as catalyst both in solution and solid reaction. It was found that solid reaction gives more products with carbon-carbon double bond. The suggested process of cross-linking reaction was described based on the progress of small molecular reaction. Influence factors of cross-linking reaction including water and temperature were also discussed and it was concluded that water prevents crosslinking and higher temperature causes higher percent conversion. The photochemical reaction of cross-linked PAOP was simply studied using UV and it was demonstrated that carbon-carbon double bond decayed under UV irradiation and more complicated products were obtained.
Introduction
Polyphosphazenes are organic-inorganic hybrid polymers which are generally synthesized by substituting polydichlorophosphazene by nucleophilic groups. The side groups attached to phosphorus atom provide an inherent diversity of physical and chemical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . As a result, polyphosphazenes have been studied as material for different types of application, including pervaporation membrane [1, 2] , gas separation membrane [3] [4] [5] , proton exchange membrane [6, 7] , nonlinear optical material [8, 9] and biosensor [10, 11] . Generally, majority membranes for pervaporation based on polyphosphazenes are cross-linked membranes due to the improved chemical and physical stability [1, 13] .
Many cross-linking methods are applied on polyphosphazenes to provide different applications. Allcock [14] and Stewart [15, 16] have synthesized a variety of polyphosphazenes with unsaturated groups that can be thermally cross-linked by addition reaction of allyl group. This method had been used in a commercial process for producing phosphazene elastomers [13] . In another report, Allcock have synthesized another cross-linkable polyphosphazene bearing with chalcone group [17] . This type of polyphosphazenes was demonstrated with good photosensitivity and high T g . Besides, Allcock have also reported an ionically cross-linkable polyphosphazene: poly [bis(carboxylatophenoxy)phosphazene] [18] . This polymer cross-links in the presence of di or trivalent cations.
In this paper, we report a novel method to cross-link polyphosphazenes. The wellknow Claisen-Schmidt condensation of aldehydes with ketones [19] as a room temperature reaction was considered a possible cross-linking way. To the best of our knowledge it was not studied in all types of polymers. However, this cross-linking method can be realized in polyphosphazenes easily due to its good tenability of pendant groups. Another advantage of this approach is that the reaction can be performed at mild condition, which may protect polyphosphazene from degradation.
Based on the Claisen-Schmidt condensation, poly bis(o-acetylphenoxy) phosphazene(PAOP), a new polyphosphazene with o-acetylphenoxide side group was prepared and used for studying the property of cross-linking. The cross-linking reaction can be achieved at ambient temperature catalyzed by sodium hydroxide. Effect of factors including water and temperature on the cross-link reaction was studied using FTIR and UV measurements. The cross-linking process including three sequential procedures is described in detail, where an interesting long conjugation chain is obtained in crosslinked structure. In the previous studies, many interesting functional polyphosphazenes were reported [15] [16] [17] [18] [19] which provided different properties for various application fields. The interesting functional group in crosslinked PAOP may also provide some potential properties which will be studied in our further work.
Results and discussion

Suggested cross-linking process
As experimental section describes, the cross-linking of PAOP was achieved by the Claisen-Schmidt reaction of PAOP with p-phthalaldehyde catalyzed by sodium hydroxide. The process of this reaction is well-known and shown in scheme 1 [19, 20] . The reaction firstly produces β-hydroxyl ketones and then α, β-unsaturated ketones. The reaction process can be analyzed by monitoring the appearance of hydroxyl and vinylene group using FT-IR [21, 22] .
To convince the cross-linking progress of PAOP, FTIR and UV methods were both used in our study. The FTIR spectra of products from different temperatures are shown in Figure 1 and 2. Both spectrum 1 and 2 show strong characteristic broad band from 3000 to 3700 cm -1 corresponding to O-H stretching. However, spectrum 3 show weak absorption band of O-H. Besides, in spectrum 3, the absorption band of vinylene at 983 and 825 cm -1 and the absorption band corresponding to skeletal vibrations of carbon-carbon stretching within the benzene ring at 1616 cm -1 appear. The result is consistent with reported Claisen-Schmidt reaction of small molecules. Obviously, at low temperature, the reaction can only give products with hydroxyl. It can be explained by the fact that the removal of water requires relatively high activation energy. . The transformation process of P-OAr is consistent with that of vinylene, indicating conjugation influences the stretching of P-O-Ar. However, the effect is not strong. UV-vis spectra of solution reaction products are shown in Figure 3 . The absorption band of carbonyl group shifts to short wavelength (300 nm) and is wider after reaction. It also indicated the existing of unsaturated group and conjugation effect. Meanwhile, a new band at nearby 400 nm appears which is assigned to π-π ※ transition of carbon-carbon double bond in long conjugation system. To further prove the above conclusion, a model reaction between small molecules was studied for the purpose of comparison. In Figure 4 , UV spectra before and after reaction was recorded. It can be seen the same change with that of the cross-link reaction of polymer. However, in Figure 3 , with increasing reaction time, the peak at 400 nm disappears, which is consistent with the result of FTIR analysis. Therefore, under thermal curing or UV irradiation, the cross-linked PAOP both continues to react possibly by 2+2 cycloaddition reaction between carbon-carbon double bond and more complicated and stable cross-linked structure is formed [17] . Based on above discussion, the whole cross-linking progress is shown in scheme 2.
Comparison between solution and solid reaction
It is described in experimental section that PAOP can be cross-linked by both solution and solid reaction. However, solution reaction is much faster than solid reaction. For solution reaction at 30 o C, precipitation quickly appeared at 15 min. On the other hand, for solid reaction, the crosslinking of PAOP was completed after 2 h. Solid reaction is controllable and is a convenient method to form membrane.
Solution and solid reaction was further compared using FTIR spectroscopy as shown in Figure 5 . The spectrum of solid reaction product shows obvious C-H absorption band of vinylene group at 980 and 820 cm -1 . On the other hand, the spectrum of solid reaction product shows obvious absorption band of conjugated carbonyl group at 1670 cm -1 and carbonyl absorption band of unreacted aldehyde group at 1694 cm -1 . Thereby, solid reaction has lower conversion ratio. It can be explained by that for solid reaction water is easily evaporated and reaction is promoted greatly. Swelling experiments were conducted for the comparison of solution and solid reaction. The swelling degree of crosslinked PAOP from solid and solution solution in THF (20 o C) are respectively 41 % and 81 %. This result indicates that the product of solution reaction has higher crosslinking degree due to higher conversion ratio of solution reaction.
Scheme 2. Cross-linking progress of PAOP
Effect of water on the cross-linking of PAOP
To study the influence of water on the cross-linking of PAOP, both ethanol and water are used to make the comparisons. In solid reaction, the film is covered with a glass so that solvent could not vaporize and almost same volume of solvent with solution reaction is confirmed. When water is used as solvent, the polymer is still solvable after reaction for enough long time (24 h) at 60 o C. However, when the same volume of ethanol was used as catalyst solvent, cross-linking of PAOP was achieved after reaction for 2 h at 60 o C. In solution reaction, the influence of water on cross-linking is more obvious. Precipitation occurs immediately if ethanol was used. On the other hand, precipitation did not occur if water was used. It can be explained by mechanism of condensation reaction between aldehyde and ketone shown in the scheme 3. Dehydration reaction is the initial step of cross-linking reaction as a result cross-linking is inhibited by water. 
Thermal Properties of Crosslinked PAOP
DSC and TGA experiments were conducted to study the thermal properties of crosslinked PAOP. In the experiments, PAOP was respectively crosslinked by 10 %, 30 % and 50 % (mol %) p-phthalaldehyde in solid reaction. The crosslinked products were respectively named as cPAOP10, cPAOP30 and cPAOP50 for short. The T g , T d 5% weight loss, T d onset and residual weights were read directly from DSC and TGA curves and are listed in Table 1 . With increasing amount of crosslinker, The T d 5% weight loss, T d onset and residual weights increase and T g decreases. It indicates that crosslinking improves the thermal stability of PAOP and decreases the flexibility of polymer chain. Besides, as the amount of crosslinker increases to 50 %, the thermal stability obviously improves. It possibly corresponded with the low conversion ratio of solid reaction. 
Tab
Conclusions
A new polyphosphazene PAOP was synthesized. PAOP is cross-linkable both in solution and solid reaction at mild condition. The whole cross-linking reaction of PAOP includes three procedures: firstly, hydroxyl ketones were produced; secondly, unsaturated ketones were produced and finally, unsaturated ketones disappeared by 2+2 cycloaddition reaction.
The effect of temperature, solvent and water was also studied. 
Experimental part
Materials
Tetrahydrofuran (Shanghai Chemical Reagents Corp) was treated with sodium and was then distilled before use. Sodium hydride (60 % dispersion in mineral oil, RohmHass), petroleum ether (Shanghai Chemical Reagents Corp), ethanol (Shanghai Chemical Reagents Corp), 2-hydroxyacetophenone (Aldrich), p-phthalaldehyde (Shanghai Chemical Reagents Corp), acetophenone (Shanghai Chemical Reagents Corp), tetrabutylammonium bromide (Shanghai Chemical Reagents Corp) and sodium hydroxide (Shanghai Chemical Reagents Corp) were used without further purification.
Analytical equipments and techniques
1
H NMR spectra were obtained from a Varian Mercury Plus-400 NMR spectrometer (Varian, USA). The chemical shifts were relative to tetramethylsilane at d = 0 ppm. Infrared spectra were recorded on a Perkin-Elmer 936 spectrometer (Perkin-Elmer, USA) with potassium bromide and cross-linked PAOP plates. UV spectra were recorded on a Paragon 1000 spectrometer. Swelling determination on crosslinked PAOP was performed by immersing weighed portions of the different polymers in THF at 20 o C. After 1 day, the polymer samples were removed from solution, reweighed to gain the swollen weight, dried under vacuum for 24 h, and weighed to gain the dry weight of insoluble material that was used to calculate the percent of solvent swelling.
Preparation of PAOP
Poly(dichlorophosphazene) (PDCP) was synthesized as described by Carriedo and co-workers [23] . The synthesis of PAOP is outlined in Scheme 1. The detail preparation step is as follows: PDCP 4.2 g, 36 mmol dissolved in 100 ml THF was added slowly to a stirred solution of sodium o-acetylphenoxide prepared from 2.44 g, 36 mmol 2-hydroxyacetophenone and 1.44 g, 36 mmol sodium hydride in 100 ml THF. Tetrabutylammonium bromide (0.01 g) was added as phase transfer catalyst. The solution was stirred at 30 o C for 24 h. The polymer was purified by sequential reprecipitations from THF into water three times and from THF into petroleum ether twice. It was then dried in vacuo. . UV data: C=O 290 nm, C=C (benzene ring) 243 nm. GPC data: 143000 g/mol.
Cross-linking of PAOP
PAOP can be cross-linked in two ways classified as solution and solid reactions. In solution reaction, PAOP (0.1 g, 0.32 mmol) and p-phthalaldehyde (0.043 g, 0.32 mmol) dissolved in THF (2 ml) was treated with a 2 ml sodium hydroxide solution in ethanol (0.0125 mol/L). The product was filtrated and the precipitate was washed twice respectively with THF, water and ethanol. Then it was dried in vacuo. In solid reaction, PAOP (0.1 g, 0.32 mmol) and p-phthalaldehyde (0.043 g, 0.32 mmol) was dissolved in THF (2 ml) and the solution was cast on a PTFE plate and the solvent was slowly evaporated to obtain a membrane. The membrane was dipped into 2 ml sodium hydroxide solution in ethanol (12.5 mol/L) and the solvent was evaporated in air. The membrane was placed in oven and was washed twice respectively with THF, water and ethanol. Finally the membrane was dried in vacuum and the obtained membrane was fragile.
UV characterization of cross-linking
The samples of cross-linking reaction for UV characterization were prepared as following step: a 0.5 ml sodium hydroxide solution in ethanol (0.0125 mol/L) was added to a solution of PAOP (0.16 mol/L) and p-phthalaldehyde (0.053 mol/L) in 0.5 ml THF. The UV spectra were recorded at different times. The sample of condensation reaction of small molecules for UV characterization was prepared as following step: a 0.5 ml sodium hydroxide solution in ethanol (0.0125 mol/L) was added to a solution of acetophenone (0.32 mol/L) and p-phthalaldehyde (0.32 mol/L) in 0.5 ml THF. The UV spectrum was obtained after 1 h reaction.
